Abstract: Fragment-based screening has recently evolved into a promising strategy in drug discovery, and a range of biophysical methods can be employed for fragment library screening. Relevant approaches, such as X-ray, NMR and tethering are briefly introduced focussing on their suitability for fragment-based drug discovery. In particular the application of surface plasmon resonance (SPR) techniques to the primary screening of large libraries comprising small molecules is discussed in detail. SPR is known to be a powerful tool for studying biomolecular interactions in a sensitive and label-free detection format. Advantages of SPR methods over more traditional assay formats are discussed and the application of available channel and array based SPR systems to biosensing are reviewed. Today, SPR protocols have been applied to secondary screening of compound libraries and hit conformation, but primary screening of large fragment libraries for drug discovery is often hampered by the throughput of available systems. Chemical microarrays, in combination with SPR imaging, can simultaneously generate affinity data for protein targets with up to 9,216 immobilized fragments per array. This approach has proven to be suitable for screening fragment libraries of up to 110,000 compounds in a high throughput fashion. The design of fragment libraries and appropriate immobilization chemistries are discussed, as well as suitable follow-up strategies for fragment hit optimization. Finally, described case studies demonstrate the successful identification of selective low molecular weight inhibitors for pharmacologically relevant drug targets through the SPR screening of fragment libraries.
INTRODUCTION
Over the last decade fragment-based screening has evolved to be a promising strategy in drug discovery. Fragments are defined as molecules with a molecular weight between 100 and 300 Daltons (Da) and a limited number of functionalities in comparison to larger molecules [1] . They are considered as substructures of drug-like substances that interact with individual protein epitopes or subsites. Numerous case studies have been published demonstrating the successful applicability of the fragment discovery concept for the identification of new lead structures in medicinal chemistry [2] .
An efficient sampling of fragment chemical space in comparison to lead-like libraries is feasible due to the better relative coverage of imaginable organic structures in this molecular weight range. Reymond et al. have estimated the number of synthetically addressable molecules below 160 Da to be 13.9 million different structures in comparison to a total number of organic molecules of 10 18 -10 200 [3] . Also low-complexity compounds are more likely to match a given binding site, resulting in a larger hit probability [4] . Despite weaker protein-ligand interactions, fragments bind with superior ligand efficiencies -free binding energy G per heavy atom -to their protein targets [5] . These properties increase the chance of identifying new chemotypes usually missed with conventional technologies. Furthermore, small and simple molecules open up more opportunities for further optimization.
*Address correspondence to this author at the Graffinity Pharmaceuticals, Im Neuenheimer Feld 518-519, 69120 Heidelberg, Germany; E-mail: renate.sekul@graffinity.com Fragments typically possess affinities from the micromolar to millimolar range. Sensitive detection methods are required to identify such weak protein-ligand interactions. For this, several biophysical techniques are available. Most commonly used are: nuclear magnetic resonance (NMR), Xray crystallography, mass spectrometry, and surface plasmon resonance (SPR).
SPR screening of chemical microarrays is ideally suited for fragment-based discovery, because it combines sensitivity with high throughput and low material consumption.
This article describes the key features and principal strategies of SPR-based fragment screening.
FRAGMENT LIBRARIES AND FOLLOW-UP STRA-TEGIES Fragment Library Design
Fragment based library design adopts strategies established for the synthesis of lead-like compound collections. To reduce the complexity of the molecules, compound selection is performed according to the 'rule-of-three', which defines fragment properties with molecular weights of <300 Da, a cLogP of <3, the number of H-bond donors <3, the number of H-bond acceptors <3, and the number of rotatable bonds <3 [1, 6] . Besides using such biophysical property rules it is also advisable to apply medicinal chemistry filters to exclude undesired functional groups which are toxic or reactive [7] . To increase the hit-identification likelihood the application of diversity selection criteria and the inclusion of biological information into the library design is useful [3, 8, 9] . Size and properties of fragment libraries are largely influenced by the biophysical method used for the detection of interactions between fragments and their biochemical targets. X-ray and NMR screening are adaptive for library sizes in the range of 10 to 10 entities by using compound mixtures. In this case library members must be specially designed to allow deconvolution and may sometimes contain functionalities which simplify their detection with the applied technology [10, 11] . Approaches like SPR imaging allow the simultaneous detection of up to 9,216 target-ligand interactions on a single array within a few hours and are therefore suited to libraries sizes of up to 10 5 .
It is also evident that the identified weak binders must be evaluated further to explore possible structure-activity relationships. The discovery of low affinity fragments by biophysical methods alone will not convince medicinal chemistry teams to work on them if no follow-up strategy is apparent. Therefore, potential optimization strategies should also be considered during the library design.
Follow-up Strategies
There are several distinct strategies for the conversion of fragments into leads. Most frequently, initial hits are optimized by fragment expansion or evolution. In this approach the fragment is modified by the addition of substituents to identify favorable interactions with the protein active site. Structure-activity relationships are often established by a combination of structure based design and parallel chemistry which subsequently enables an efficient compound optimization [12] . The potency of a newly discovered fragment can also be improved by its combination with known motifs. In many cases, this strategy leads to a boost in activity and simultaneously generates novelty [13] . A more demanding concept is the linking of two or more fragments which address adjacent subpockets. A major challenge of this strategy is to identify a suitable linker and to assemble the molecules in a proper orientation. Structural information can support the identification of the optimal fragment connection but there are technology driven approaches such as tethering, as well [14, 15] . Fragment assembly is particularly suited for protein targets with extended active sites, e.g. proteases or protein-protein interactions [14, 15] . Dynamic combinatorial chemistry or click chemistry are variants of the fragment linking approach. Ligands with intrinsic reactive functionalities are assembled in situ in the target binding site, which serves as a template. This concept is limited to the number of applicable chemistries, which must be compatible with the protein environment [16, 17] .
An elegant solution to simplify subsequent optimization is the incorporation of chemical handles, like amides or amines, as structural features into the screened fragments. These functionalities can be used for parallel chemistry and rapid optimization. Key to the success of this approach is that the newly synthesized derivatives maintain relevant interaction patterns appearing in the initial hit [18] .
Fragment and Lead-Like Libraries for Chemical Microarrays
Fragment libraries used for SPR imaging offer additional features in comparison to libraries designed for other methods. Compounds are covalently immobilized to the array surface via a flexible, hydrophilic spacer molecule (ChemTag). The preparation of tagged compound libraries is independent of the array production and includes several quality control steps [19] . Once attained, the synthesis scheme for all substances is known and facilitates efficient follow-up optimization by replacing the spacer moiety with a set of diverse substituents. The miniaturization and parallelisation of low affinity microarray screening minimizes protein consumption and is faster in relation to sequential approaches.
Therefore, larger screening sets and more diverse number of scaffolds can be presented on the array surface. In addition, one core motif can be immobilized in several orientations. The linker attachment site might limit the number of possible binding modes, but delivers additional information about positions suitable for further exploration. Additional information for follow-up optimization can be obtained by coordinating the design of one-point diversity fragment and two-point diversity lead-like libraries. A typical example for the combination of fragment and leadlike array compounds on chemical microarrays are libraries based on benzimidazole derivatives. Due to the established chemistry for the construction of this scaffold, the attachment position of the spacer molecule and the relative orientation of the substituents to each other, can be easily varied [20, 21, 22] . The resulting libraries can be divided into linear fragment-like subsets, which combine scaffold and substituents at one position of the core, and two-point diversity subsets (Fig. (1) ). The linearity of the fragment libraries allows the use of many similar substituents for a fine sampling of the chemical space in this direction. For the lead-like libraries, a representative number of substitution pattern combinations can be synthesized to understand their possible cooperativeness (Fig. (2) ). This methodology promotes assembly strategies by integrating the precise fragment substitution patterns into binary follow-up compounds.
BIOPHYSICAL TECHNIQUES
Various biophysical methods have been shown to be suitable for detecting weak protein-ligand interactions. The most relevant technologies applied for fragment-based screening are described briefly in the following section.
Crystallography
X-ray crystallography can deliver detailed structural information on protein-ligand interactions. Consequently, it has found wide application in pharmaceutical research, guiding the lead optimization process [23] . Technical improvements have allowed this approach to become a more widely used tool for the primary screening of fragment libraries.
Crystallography requires 10-50 mg of target protein with a purity of >95 % [24] . To detect weak interactions, the test compounds need to be soluble at millimolar concentrations (at least ten times of the IC 50 or K D ) to occupy the binding site. The current work-flow starts with the evaluation of the crystallization conditions, followed by an optimization step to obtain diffraction quality crystals. The screening process is conducted by: soaking mixtures of shape-diverse compounds (n = 2-10) into the crystal, collecting X-ray data, and determining structures [25, 26] .
Not all targets are amenable for X-ray analysis, because a significant part of the crystal species cannot be optimized to diffract at a useful resolution [27, 23] .
However, numerous publications illustrate the successful application of crystallography-based fragment screening for targets of different protein families, e.g. kinases, proteases and phosphodiesterases [12, 28, 24] .
Tethering
A quite unique strategy, named "tethering", has been developed which relies on the formation of a disulfide bridge between a ligand and a cysteine residue of the protein. The molecules carry thiol groups, which are conjugated to a small, hydrophilic thiol linker, as disulfides. The screening of fragment cocktails (n = 10) is performed under partially reducing conditions to enable the formation of new disulfide bonds via disulfide exchange. Compounds binding to sites adjacent to the cysteine residue are enriched in the proteinligand complex mixture and can be identified by mass spectrometry. The technology is highly sensitive, because tethering converts weak interacting fragments to more potent molecules. Furthermore, the covalent attachment of the ligands facilitates subsequent X-ray analysis. The method requires a prior knowledge of the binding site, because the cysteine has to be located in or close to the active site. The demand to generate cysteine containing mutant proteins could have potential limitations for the application. Tethering was used to screen a variety of proteins like caspases and difficult targets like protein tyrosine phosphatase 1B and interleukin 2, yielding fragments for a subsequent optimization [29, 30] NMR NMR-based fragment screening was first introduced in 1996 by Fesik and co-workers at Abbott laboratories [31] . Since then, two principal strategies have emerged, one measuring the protein, the other the ligand chemical shifts.
Target-based NMR screening monitors the changes in 1 H, 13 C or 1 H 15 N correlation signals for a labeled protein, when binding to a test compound. The method can detect nM to mM interactions and provides structural information of the binding site. However, it normally requires large quantities of isotopically labeled protein, between 50 -200 mg are reported, with protein solubilities between 0.1 and 1 mM [32] . The technique is restricted to small targets, typically <50 kDa, for best performance. Target-based NMR is well suited for determining the structure of fragment binding sites. Excellent results have been achieved with challenging targets such as protein-protein interaction domains [14, 33] .
Ligand-based NMR screening relies on changes in the ligand signals when binding to the target. In contrast to target-based NMR, the protein concentration is in the low M range, therefore the protein consumption is substantially lower. Furthermore, no isotopic label is needed. Fragments are typically screened in mixtures followed by a deconvolution step. Ligand affinities from approximately 100 nM to 10 mM can be detected.
The method is commonly used to identify binding fragments in order to perform K D determinations and to conduct competition NMR experiments to search for second site binders. Detailed descriptions of various ligand-based NMR techniques and applications are beyond the scope of this publication and are given by Lepre et al. [11] and Pellecchia et al. [34] .
SPR IMAGING TECHNOLOGY FOR FRAGMENT SCREENING
Surface Plasmon Resonance (SPR) is known to be a versatile and powerful tool for the study of biomolecular interactions and can generate affinity data, as well as kinetic information, in a highly sensitive and label-free detection format. Comprehensive reviews of SPR biosensing can be commonly found in the literature. The following paragraphs will focus on the application of SPR imaging technology to high throughput screening of large collections of small molecules for fragment based discovery. After a short introduction to the SPR effect and its advantages over more traditional assay formats, requirements for SPR drug screening are discussed. Finally, currently available SPR systems are compared in the context of their suitability for primary fragment screening.
Surface Plasmon Resonance (SPR)
Surface plasmons (SPs) are collective oscillations of electrons at a metal surface and can be seen as electromagnetic waves confined to the interfacial plane between a metal and a dielectric. They can be resonantly excited by coupling polarized light to the surface modes of the metal surface (e.g. gold or silver) in a variety of optical setups such as grating or prism coupling. In the most commonly applied Kretschmann configuration (prism coupling), incident light is reflected at the base plate of a prism covered with a thin metal layer. At incidence angles larger than the critical angle (total reflection conditions), incoming light waves and surface bound plasmon waves can be tuned to resonate by varying either the light wavelength or incidence angle while keeping the other parameter constant. At resonance conditions, photon energy is transferred to the surface plasmon mode and hence the reflected light exhibits a sharp attenuation (SPR minimum). The angle and wavelength position of this reflectance minimum is, among other parameters, strongly dependent on the refractive index of the medium adjacent to the metal surface. The latter is sensed by the surface plasmon field exponentially decaying into the dielectric medium resulting in a sensing depth of a couple of hundred nanometers. Processes which alter the local refractive index such as the adsorption of (bio)molecules onto the sensor layer can therefore be monitored in a surface sensitive fashion by recording the shift of the resonance minimum. Generally, both angle-scanning and wavelength scanning systems can be found in the literature, but an overall gain in sensitivity for either method was not clearly demonstrated.
From the shift in the resonance position, thermodynamic equilibrium binding data or kinetic constants (K d , k on , k off ) can be deduced. For kinetic measurements, time dependent changes in the local refractive index on the sensor surface can be monitored by applying different measurement modes: some instruments allow to record the entire resonance curve around the SPR minimum periodically during the time course of the experiment. The time dependent position of the SPR minimum is then followed on-line by software fitting routines. Alternatively, a single detection wavelength or incidence angle in the near-linear range close to the SPR minimum can be chosen for monitoring changes in the reflectivity curve with time.
A typical SPR binding experiment consists of two phases: the binding of the soluble analyte to the sensor and the dissociation of the analyte upon rinsing with analyte free solution. By fitting kinetics from the the association and dissociation phase to appropriate binding models (e.g. Langmuir) the corresponding kinetic rate constants k on and k off (and hence K d = k off /k on ) can be calculated. Another approach is the direct determination of K d by analyzing equilibrium binding data generated at different analyte concentrations.
Application to Biosensing and Small Molecule-Protein Interactions
While first used for the analysis of optical properties and the thicknesses of thin (organic) films on metal substrates [35] , the potential of SPR for the label-free detection of biologically relevant analytes, using modified sensor surfaces, was soon recognized. Biosensing applications can be found in numerous publications [36, 37, 38, 39, 40] . Numerous studies have been published in which SPR biosensors have been used, for example in studying: DNA-DNA [41, 42, 43] DNA-Protein, DNA-PNA, protein-peptide, protein-protein, and antibody-antigen interactions [44, 45] as well as enzymatic reactions [46] . Due to the high sensitivity of modern SPR sensors, binding of low molecular weight analytes can be detected and exploited for the study of small molecule interactions with protein targets. For example, Nordin reports on the screening of 22 kinase inhibitors against various kinases using Biacore equipment [47] . Rich used instrumentation from the same manufacturer to successfully study the interaction of a set of 10 compounds with molecular weights between 130 to 800 Da with human serum albumin (HSA) [48] .
Advantages/Disadvantages of SPR Biosensing
Labeling of analytes, as required for more traditional assays, is often labor and cost intensive and can interfere with their binding to the target of interest. For SPR readout, the sole requirement is an intrinsic refractive index of the analyte, which is different from that of the buffer surrounding. The latter is the case for commonly studied molecules such as proteins, DNA, antibodies etc., which has allowed SPR biosensing to become a popular tool for the label-free detection of biomolecules.
Due to the small surface plasmon penetration depth of the plasmon field into the aqueous media, and the resulting surface sensitivity, bulk effects arising from the analyte solution are almost negligible. Therefore, washing steps are not required before the signal can be read. Measurements can be performed in real time and kinetics, as well as thermodynamic data, can be collected. One often discussed issue of SPR based biosensors is the necessity to immobilize one of the binding partners and that tethering of molecules to surfaces may affect the binding constants measured. However, it has been shown that equilibrium, thermodynamic, and kinetic data from surface experiments can mirror those obtained in solution if SPR biosensor experiments are carefully designed [49] . In the case of screening small molecules, tethering of compounds via different attachment points to a sensor surface can be seen as an advantage. In a binding experiment against a soluble protein target, the position of the linker can provide direct information about the orientation of the immobilized compound in the protein binding pocket.
Requirements for High Throughput SPR Drug Screening
For the particular case of using SPR methods for fragment based screening against protein targets, the following aspects have to be taken into account.
Sensitivity
Screening of fragment-protein interactions requires technologies capable of detecting and characterizing weak affinities. Among complementary techniques, such as NMR, X-ray, and high concentration biochemical assays, modern SPR instruments exhibit sensitivities that have been shown to be suitable for the detection of low molecular weight analytes and low affinity interactions. Numerous examples concerning the analysis of small molecule inhibitors binding to immobilized protein targets can be found in the literature.
Surface Immobilization Chemistry and Array Preparation
For the study of biomolecular recognition reactions, typically one binding partner of interest is immobilized on the sensor surface using a variety of surface chemistries.
In the design of suitable immobilization strategies, attention has to be paid to: the stability of the surface architecture during the course of the experiment, the precise control over the amount of immobilized binding partner, and the minimization of background signal arising from unspecific binding of the analyte to the surface.
Numerous immobilization schemes for the formation of SPR sensor surfaces and their application can be found in the literature. These include, for example, the use of mediating sensor layers, such as streptavidin layers [50] on gold, and the subsequent attachment of biotinylated molecules, such as antibodies [51] or DNA [52, 53] . Other groups have demonstrated the direct immobilization of, for example, DNA sequences on gold via thiol moieties [54] . Commercially available sensor surfaces for use with SPR detection include: Protein A surfaces, carboxymethylated dextran surfaces for covalent coupling to a variety of analytes exhibiting active groups, lipid bilayers [55] for the immobilization of, for example, membrane proteins, and nitrilotriacetic acid (NTA) coupled surfaces to immobilize His-tagged proteins and others [56] .
One of the most successful immobilization strategies for biomolecules on sensor surfaces is the formation of selfassembled monolayers (SAMs) on gold or glass surfaces [57, 58] and the subsequent covalent attachment of ligands of interest, using appropriate linker chemistry. The highly ordered monolayers allow precise control over the density of immobilized ligands and can be designed to minimize unspecific protein adsorption.
High Throughput SPR Instrumentation
In recent years a wide range of instruments were developed by different companies and label-free screening technology has become a widespread tool for biochemical and pharmaceutical research in academia and industry.
In order to enhance the throughput of single channel systems, approaches were undertaken to increase the number of sensing channels using various excitation schemes such as wavelength or angle scanning [59, 60] .
Channel based SPR technology has been widely applied to secondary drug screening and hit confirmation for a limited set of hit compounds identified by complimentary HTS technologies such as in-silico screening [61] . Biacore´s A100 system offers five sensor spots each with four channels, and allows the characterization of numerous interactions per day when multiple experiments are performed sequentially. However, the number of available channels per system limits the throughput and hampers primary drug screening of large substance collections.
In parallel with the development of channel SPR sensors, studies by Knoll and others [62, 63, 64] in the 1980s demonstrated that laterally structured coatings on metal films could be analyzed by an imaging technology known as Surface Plasmon Microscopy (SPM). Typically, the technology utilizes an expanded beam of parallel light to illuminate the entire sensor area covering several square centimetres. The reflected light is then captured by means of a CCD camera. While scanning over a range of wavelengths or incidence angles that cover the SPR resonance conditions, reflection images are recorded stepwise. By subsequent grey-scale analysis of the obtained pictures, SPR resonance curves of individual sensor fields plotted in array format can be obtained [54] . SPM in combination with array type sensors has since been successfully applied to the characterization of almost all kinds of biomolecular interactions [65] such as DNA hybridization [53, 66, 67, 68, 69] protein-DNA [65, 70] , and protein-peptide or antigen-antibodies [71, 72] interactions.
Researchers at HTS Biosystems have developed an array based SPR imaging system based on grating coupling [73] which allows the interaction of one analyte with up to 400 targets immobilized onto gold chips to be analyzed. The Flexchip system recently acquired by Biacore has since been used for screening and affinity ranking of antibody-arrays [74, 75] . Kinetic constants derived from the array approach were found to be similar to those determined by channel based SPR systems [75] . The typical working range for the instrument requires analytes to have molecular weights >5kD, and currently the system has not proved suitable for screening low molecular weight compound libraries.
Lumera´s ProteomicProcessor, also based on an SPR imaging approach, is capable of analyzing binding affinity and kinetics data of up to 10,000 spots per 1.4 cm 2 microarray [76] and has been applied to the study of proteinprotein, antibody-antigen and protein-oligonucleotide interactions.
GWC technologies offers an imaging system operating in the near-IR, the SPRimagerII array system, which for example, could be used for the investigation of antibodyantigen interactions, DNA arrays and protein-protein and DNA-protein interactions, using a variety of surface chemistries. A recent attempt to combine small molecule arrays, produced by photo-cross-linking and SPR imaging, was described by researchers from RIKEN. They studied array based ligand specific interaction of 8 different compounds with human estrogen receptor [77] using an OEM version of a GWC SPRimager instrument.
Currently available SPR imaging systems might be perfectly suited to the analysis of interactions, such as antibodyprotein, protein-protein, DNA-DNA, or protein-small molecule interactions, but fail to demonstrate high-throughput screening of large fragment libraries.
High Throughput SPR Screening of Chemical Microarrays
In our opinion successful primary screening of fragment libraries by SPR requires a symbiotic combination of technology components such as an optimized sensor surface architecture, a suitable fragment library, and a sensitive SPR imaging platform capable of screening thousands of fragment-protein interactions in a highly paralleled set-up.
In most SPR studies for screening small molecules, protein targets of interest are immobilized on the sensor surface and interactions with soluble low molecular weight analytes are monitored. In the case of fragments <300Da, this detection scheme can lead to reduced signal to noise ratios, particularly for image based SPR systems. Furthermore, due to the rather weak affinities between protein targets and fragments, the latter need to be screened at high compound concentrations which in turn can lead to artifacts resulting from compound solubility problems.
Complementary to this, in the case of chemical microarrays low molecular weight fragments are tethered to the surface and the binding of high molecular weight protein targets from solution is detected. Thus, the sensitivity and detection limit of Graffinity´s SPR imager technology (PlasmonImager), allows even small protein targets to be conveniently screened with a good signal/noise ratio. SPR imaging enables a parallel readout of thousands of fragment ligands against one target simultaneously [78, 79] .
Graffinity has developed high density chemical microarrays for fragment screening consisting of small molecules immobilized onto gold chips based on maleimide-thiol coupling chemistry in combination with high density pintool spotting [78, 79] . The array preparation is a three-step process consisting of the synthesis of tagged fragments, preparation of SAM-Gold chips, and covalent coupling of tagged fragments to the activated SAM surface by pintool spotting. This process allows the sensor surface and synthesized fragments to be analyzed and quality controlled independently.
Small molecules are synthesized on long, flexible, and protein-adsorption resistant linkers by solid phase chemistry. Different types of spacer molecules contain a diverse set of terminal functionalities, which enable a large range of chemistries for fragment attachment and library synthesis. The common element of all linkers is a thiol group located at the opposite terminus. This thiol is the attachment point to the solid phase during library production. After synthesis completion, each compound is cleaved off the solid support and stored in separate stock solutions. The terminal thiol is deprotected during cleavage and is used for quality control by a thiol-selective LC-MS method which permits the establishment of a purity and quantity measure for every single compound [19] . The terminal thiol functionality of the library members also enables the subsequent covalent coupling to the activated binary SAM (Fig. (3a) ). Synthesized fragment libraries are stored in microtiter plates until spotting onto the sensor fields by using a customized high throughput and high precision pintool spotting robot (Fig.  (3b) ). Currently, Graffinity´s small molecule library consists of 20,000 fragments and 90,000 lead-like compounds immobilized on chemical microarrays.
The first step of array production consists of microstructuring glass slides with a titanium layer in order to define up to 9,216 spots per chip. Covering the chips with a thin gold layer allows the subsequent formation of a binary SAM composed of two thiols (Fig. (3b) ). One of the thiols exhibits a maleimide moiety and serves as an anchor point for the subsequent attachment of molecules containing thiol groups. By controlling the ratio between the two SAM thiols, the surface density of anchor points, and hence the surface concentrations of ligands on the sensor, can be adjusted precisely.
The SAM surface/linker architecture shown in Fig (4) allows fragments to be immobilized in a highly defined manner. It has been proven to be resistant to unspecific protein adsorption, thus reducing background during the SPR experiment. Fig. (4) . Schematic drawing of the sensor surface architecture. The chip consists of glass substrate covered with a thin gold layer onto which a SAM was allowed to assemble. The latter contains anchor groups which covalently react with the chemtag-linked fragments during spotting in order to obtain a highly ordered sensor surface structure.
Array screening is performed by floating protein solutions over the chemical microarray (Fig (5a) ) and following the binding of the target by end-point measurements over 3 hours. Protein binding to individual fragments (Fig (5b) ) causes a change in the SPR resonance conditions for the corresponding sensor field and gives rise to a shift in the wavelength dependent SPR minimum. Graffinity´s Plasmon Imager allows the parallel readout for up to 9,216 sensor fields per array (Fig (5c) ).
The measured SPR shift can be visualized in false colored 2D plots to obtain affinity fingerprints, such as the ones given in Fig. (6) . Here, a matrix metalloprotease (MMP) was screened against a library of small molecules using SPR imaging technology. Colored spots in Fig. (6a) represent sensor fields carrying small molecules to which strong protein binding occurred during the course of the measurement. These spots indicate hit series. As this screening project was aimed at identifying novel non-Zincsite binders for MPPs, a binding site mapping was performed by on-array competition studies. In an independent fingerprinting experiment, the protein was preincubated with aceto-hydroxamate (a known Zn site binder for MMPs) before the target was applied to the microarray. Blocking of the enzyme´s Zn site prevented binding to several hit series initially identified for the non-blocked protein. The remaining signals were interpreted to represent alternative site binders for the screened MMP. Members of this hit series were synthesized, without the Chemtag, and tested in a secondary solution based assay. Here, the IC 50 s of the hit compounds were determined to be 1 M for the best binary compounds (MW 420 Da) and 10 μM for the best fragment (MW 250 Da). In addition to this, a Zinc site independent binding mode for these compounds could be confirmed in a biological assay. In further studies, not shown, other MMPs were screened against the same library which resulted in clear differences in binding patterns and hence in identifying MMP subtype selective compounds having low molecular weights and activities in the μM range.
CASE STUDIES Thrombin Case Study
In the thrombin case study, a combination of low affinity fragment-based SPR screening with information from cocrystal-structures enabled a new strategy to be pursued in an already established research area. The serine protease thrombin catalyses the final step of the blood coagulation cascade. Here, fibrin is proteolytically cleaved to fibrinogen and the factor XIIIa is converted to XIII, which crosslinks the fibrin clot. Furthermore, it is the most potent endogenous platelet activator [80] . Thrombin is regarded as an important target for the treatment of thromboembolic disorders, such as deep vein thrombosis, stroke and myocardial infarction [81] . The majority of published thrombin antagonists like argatroban and melagatran suffer from poor oral absorption because of highly charged guanidine-or benzamidine Fig. (3) . Preparation of fragment arrays by pintool spotting on microstructured gold substrates. (a) Glass substrates are microstructured by photolithographic procedures, covered with a thin gold layer and a binary SAM of two thiols is deposited in order to form the activated sensor surface. (b) Nanoliter droplets of fragment solutions are transferred by pintool spotting and allowed to couple covalently to the activated SAM surface. (c) The final array consists of 9600 individual sensor fields each being occupied by a different type of fragment.
functionalities binding to the enzyme´s S1 pocket. Therefore, one challenge of thrombin inhibitor design is to identify structurally different molecules with better oral bioavailability [82] . SPR screening of thrombin against a small molecule compound collection immobilized on chemical microarrays enabled the identification of several key motifs responsible for the binding affinity (Fig. (7) ). Charged motifs 1 and 2 are typical S1 pocket binders for thrombin, whereas neutral fragment motifs 3 and 4 are more unusual for thrombin inhibitors. On-array competition experiments with a nanomolar active site thrombin inhibitor (Pefablock TH58), resulted in disappearance of the identified motifs. This suggested that active site binding of the compounds was taking place. Based on the analysis of the binding data, a hit derivative comprising of motifs 1 and 4 was synthesized (Fig. (8) Compound 1) . This weak inhibitor (IC 50 of 200 M) was co-crystallized with thrombin and revealed an unusual binding mode. In the X-ray structure, the chloro-phenylthioether motif was binding in the S1 pocket, and the dedicated S1 phenylguanidine pocket binder was exposed to the solvent. This information was used in the design of a new series of thrombin inhibitors with a neutral P1 fragment. The optimization resulted in a compound (Fig. (8) Compound 2) with an IC 50 of 2 nM, which delivered a starting point for a medicinal chemistry program resulting in compounds with efficacy in animal models [13, 83] .
Phosphodiesterase 5 Case Study
The phosphodiesterase five (PDE5) case study is an excellent example for the optimization of weakly binding fragments by chemistry methods. In this case the analysis of the microarray binding data was used as a guidance for parallel synthesis. Phosphodiesterases (PDEs) are a family of metalloposphohydrolases which play an important role in cell signalling [84] . The substrates of phosphodiesterases are cyclic guanosine monophosphate (cGMP) and cyclic adenosine monophosphate (cAMP), which are ubiquitous secondary messengers mediating a range of important physiological processes. Cellular levels are regulated by cAMP and cGMP synthesis by cyclases, and by hydrolysis of the cyclic phosphodiester bonds into the corresponding 5'-monophosphates by phosphodiesterases. The class of human PDEs consists of established targets for therapeutic invention in several disease areas [85] . The most prominent example, PDE5, is a key target for the treatment of erectile dysfunction and possibly plays an important role in other medical conditions like circulatory disorders or cystic fibrosis [86] . The goal of this study was the identification of novel inhibitor chemotypes as starting point for medicinal chemistry programs for PDE5. This was achieved by SPR imaging of the PDE5 catalytic domain against a collection of 20,000 fragment and 90,000 lead-like compounds immobilized on chemical microarrays. (Fig. (9) ) gives an overview of four identified PDE5 fragment motifs 5-8, with the R group representing their attachment point towards the polyethylene glycole linker moiety. This spacer is necessary for the covalent thioether linkage to the anchor groups of the self-assembled array surface monolayer (Fig. (4) ). Fragment motifs 7 and 8 are abundant in several decorated variations allowing the establishment of initial structure-affinity relationships by analysing the SPR shift signals. The relative ranking of the SPR fragment signal intensities, with different substituents, showed that the chloro-substituted fragment motifs 7a, b and 8b are significant better binders than the motifs 5, 6, 7c and 8a. To study the translation of the observed binding affinity into inhibitory activity in a secondary biochemical assay, a small number of derivatives from each fragment motif was synthesized by replacing the linker moiety with other functional groups (Fig. (10) B-D) .
Due to the immobilization of the compounds, the spacer moiety is exposed to the bulk solvent. The linker is designed to avoid any binding with the target. However, follow-up tag replacement is suitable to identify potential interactions at the linker exit point. The chemical handle, used for the connection of the fragment to the spacer moiety, can also be used to introduce diversity at this part of the molecule. The polyethylene glycol units of the linker can be completely removed by leaving the chemical handle intact (Fig. (10), B ). An alternative approach is to replace the tag by a small ethylene glycol ether acting as a spacer substitute (Fig. (10) , C). This small ether substituent usually improves the solubility of the resulting compounds, which is particularly important if a high concentration biochemical assay is subsequently applied.
The results from the secondary testing of the synthesized binder derivatives are presented in Table (1) . PDE5 inhibition was observed in the mM to M range for the different fragment derivatives, as expected from the high sensitivity of the biophysical SPR detection method and the wide dynamic range of the observed SPR signals.
A comparison of the biochemical activities of tag replacement compounds for each motif shows the influence of the different spacer substitutions. For example in motif 6 (Table (1) , No 5, 6) there is no significant difference in activity between a fragment just containing the chemical handle and a derivative with the ethyleneglycole linker substitute. This suggests that in this case the interactions between linker and protein is negligable. A slightly different picture is shown in the case of motif 8 derivates. Biochemical testing of these compounds revealed a modulation of the enzyme inhibition, depending on the spacer substitute structure (Table (1 An example of the generation of relationships between structure and inhibitory activity by tag replacement, is the benzyloxythiophene motif 8. This scaffold appeared in two variations on the arrays and was also found as a substructure of a lead-like binary array compound giving additional hints for further optimization. In accordance with the observed SPR binding affinity derivatives of the p-chlorosubstituted Fig. (7) . Privileged binder motifs for thrombin 1,2 represent typical charged S1 pocket binders, 3 and 4 are non-polar substitutes. Array motif No 8 was also identified as a substructure in several lead-like array compounds depicted in Fig. (11) . The structure-affinity information from the array screening was subsequently used for the design of a follow-up library of 20 compounds, leading to the racemic "cis"-derivative of motif 9 with an IC 50 value of ~1 M. Chiral HPLC allowed the separation of both enantiomers leading to IC 50 's of 15 M for motif 9a and of 360 nM for motif 9b. 
R

Motif 8d
Motif 8e
Motif 8 c-e R Motif 9 is an excellent starting point for further optimization, by using the array binding information from the different substitution patterns of the benzyloxythiophene motif.
In summary, the PDE5 case study demonstrates that microarray based SPR screening of a large fragment library delivers structure-affinity information from several derivatives of each scaffold, and guides subsequent optimization leading to compounds with nM potency. The incorporation of chemical handles in the fragment motifs enables fast follow-up chemistry and allows an initial high throughput optimization without the need for additional information.
CONCLUSION
SPR detection has become a popular tool for the analysis of virtually any kind of biomolecular interactions and a variety of instruments are available today. Although being perfectly suited for analysing protein arrays and proteinprotein interactions, primary screening of large fragment libraries for drug discovery is often encumbered by the limited number of sensing channels of current systems.
The authors demonstrated that chemical microarrays are a promising tool for successful primary screening of immobilized fragment libraries by SPR imaging. The approach requires a combination of an appropriate sensor surface chemistry, a suitable fragment library, and a sensitive SPR imaging technology, being capable of simultaneously screening thousands of fragment-protein interactions.
The potential of SPR imaging for fragment-based discovery was exemplified in several case studies. Here, microarray screening led to the identification of weakly binding fragment motifs, the inhibitory activity of which could be confirmed in secondary biochemical assays. Basic structure activity relationships for fragment motifs could be derived by analyzing the SPR signals of the immobilized structures and their analogues. Subsequently, array informed parallel chemistry led to the optimization of initially weak fragments to inhibitors with nM potency in a short time frame of about 4 -6 months. Inhibition of PDE5 activity was monitored in a fluorescence polarisation assay using fluorescein labeled cGMP as substrate. Compounds were preincubated with 25 nM PDE5 for 15 min in assay buffer (50 mM Tris pH 7.5, 150 mM NaCl, 5 mM MgCl 2 , 0.005 % Tween20, 1 mM DTT). The enzymatic reaction was started by the addition of substrate at a final concentration of 20 nM in total assay volume of 20 μl. After 30 minutes incubation at 25 °C, the fluorescein-cGMP hydrolysis was determined by addition of IMAP detection beads (Molecular Devices), which bind selectively the GMP phosphate group and generate a high polarisation signal. The inhibition values could be determined with a precision of +/-10 %. Zaprinast was used as reference inhibitor and showed an IC 50 of 2 μM.
